Introduction {#sec1}
============

On the sub-cellular scale, cylindrical nanostructures are ubiquitous in the natural world. These anisotropic constructs fulfill a variety of vital biological functions such as providing cellular structure, dissipating energy through elastic deformation, assisting with cell division, and many others. Among the many remarkable cylindrical nanostructures at work in biological systems are collagen, peptidoglycans, and centrioles. Fibrous proteins comprised of collagen fill the interstitial space between cells. Collagen is the most abundant protein in mammals, comprising up to 35% of the protein content of the entire organism.^[@ref1]^ Proteoglycans are often found coincident with collagen, acting as a shock-absorbing material and lubricant in connective tissue and as a viscosity modifier in the mucociliary clearance of lung airways.^[@ref2]^ Centrioles produce the spindle fibers that separate chromosomes during cell division. In all cases, these structures are formed through the directed assembly of numerous biomacromolecular components which associate via non-covalent interactions.

The various biological functions of the cylindrical nanostructures highlighted above arise primarily from the unique physical and mechanical properties of their cylindrical shapes. Note that in this Perspective we refer to cylindrical structures as those with an overall cylindrical morphology, which includes both the core and corona volumes. First and most importantly, cylindrical objects have a high aspect ratio and are thus anisotropic.^[@ref3]^ Due to their unique geometry, cylinders have large surface areas and increased volume relative to spheres. Consider a sphere of radius *r* that fits completely within a cylinder with a width of *r* and a height of 2*r*. In this case, both the surface area and volume of the cylinder are 1.5 times greater than the sphere. The high surface area and aspect ratio of cylinders make them excellent materials for surface adsorption, and their large volumes are well-suited for encapsulating substantial quantities of molecules, for example drugs. Second, similar to linear polymers, cylinders can interact with one another through entanglement. This property allows for the formation of physically cross-linked gels if the cylindrical objects are present in sufficient concentration. In contrast, even for flexible cylindrical nanostructures, repulsive intermolecular forces such as steric or electronic repulsion can act to prevent entanglement, making such materials excellent viscosity modifiers. Finally, due to their anisotropy, certain cylindrical nanostructures possess differential reactivity on their termini. As we shall discuss below, this differential reactivity can be exploited for further supramolecular assembly.

Inspired by nature, many methods have been developed by synthetic chemists to produce cylindrical nanostructures in the laboratory. Most strategies involve supramolecular self-assembly of compounds such as small molecules,^[@ref4]^ peptides,^[@ref5]^ or amphiphilic polymers, by taking advantage of the hydrophobic effect---the tendency of hydrophobic substances to aggregate in an aqueous environment to exclude water molecules.^[@ref6]^ In this Perspective, we focus on the preparation of cylindrical nanostructures using polymer building blocks. To date, cylindrical nanostructure preparation from polymeric building blocks has focused on the synthesis and self-assembly of amphiphilic block copolymers. Depending on the volume fraction of the hydrophobic/hydrophilic blocks---often described as the packing parameter---the conformational entropy (steric repulsion) of the hydrophilic chains, and the interfacial energy between the hydrophobic domain and water, these amphiphilic polymers assemble into different structures such as spheres, cylinders, or vesicles.^[@ref7]^ However, to achieve a pure phase of cylindrical micelles, several iterations of polymer synthesis and self-assembly are often required. Recently, new strategies have been developed to facilitate the formation of pure cylinder morphologies in self-assembled systems ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In this Perspective, we highlight two advanced methods to prepare cylindrical nanostructures via aqueous self-assembly: (1) polymerization-induced self-assembly (PISA)^[@ref8]\ ,[@ref9]^ and (2) crystallization-driven self-assembly (CDSA).^[@ref10]^ In addition, we compare these methods to an alternative approach to prepare cylindrical nanostructures---the synthesis of bottlebrush polymers---which yields cylindrical nanostructures held together by covalent bonds.^[@ref11]^ Herein, we review the most recent advances in the aforementioned fields, consider the advantages and disadvantages of each, and provide an evaluation of the future possibilities of these powerful methods of cylindrical nanostructure preparation.

![TEM or AFM images of typical cylindrical nanostructures obtained using PISA or CDSA, or from bottlebrush polymer synthesis. Reproduced with permission from refs ([@ref18]) (PISA worms; Copyright 2016 Wiley), ([@ref10]) (CDSA cylinders; Copyright 2010 Springer Nature), and ([@ref66]) (bottlebrush polymers; Copyright 2015 Springer Nature).](ja-2018-08648w_0001){#fig1}

Emerging Applications of Polymeric Cylindrical Nanostructures {#sec2}
=============================================================

The synthesis of cylindrical nanostructures is motivated by their emerging applications as drug delivery vehicles, gel-forming materials, rheology modifiers, and conductive nanowires. In the case of drug delivery vehicles, shape has been identified as a crucial parameter for efficient loading and targeting. Cylindrical architectures have proven to be highly efficient vehicles for drug delivery applications compared to spherical nanoparticles.^[@ref12]^ They provide several advantages such as higher loading efficiencies, longer circulation times, and enhanced accumulation, which in turn lead to enhanced active targeting, cellular uptake, and deeper penetration in tumors.^[@ref13]^ For example, cylindrical micelles functionalized with near-infrared fluorophore tracers were found to deliver more than double the effective dose of paclitaxel within tumors in mice compared to spherical micelles.^[@ref14]^ Bottlebrush polymers loaded with covalently attached drugs have also been exploited for cancer therapy and *in vivo* imaging; however, to date, no shape comparisons have been made (for example, between hyperbranched polymers or globular graft polymers and cylindrically shaped bottlebrush polymers).^[@ref15],[@ref16]^ In addition to their applications as drug delivery vehicles, cylindrical architectures have the potential to form physical hydrogels due to inter-structural entanglements.^[@ref17]^ Gels prepared by embedding cylindrical nanostructures in a poly(vinyl alcohol) (PVA) matrix have been exploited to avoid the use of toxic organic solvent for red-blood-cell cryopreservation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}),^[@ref18]^ to replace natural mucin, and to encapsulate living cells.^[@ref19]^

![(A) Synthetic route for the RAFT aqueous dispersion polymerization of HPMA using a water-soluble PGMA~56~ macroCTA to form PGMA~56~-*b*-PHPMA~155~ diblock copolymer worms. (B) Representative TEM image of the PGMA~56~-*b*-PHPMA~155~ diblock copolymer worms after drying a dilute aqueous dispersion at 20 °C. (C) The worms, in combination with PVA, exhibit enhanced cryoprotective behavior relative to controls, which was attributed to the inhibition of ice crystal formation in the presence of the worm micelles. Reproduced with permission from ref ([@ref18]). Copyright 2016 Wiley.](ja-2018-08648w_0002){#fig2}

From an industrial perspective, cylindrical structures are of growing interest as lubricants, fuel additives, and coatings. The shape and physical nature of cylindrical structures make them ideal candidates as rheological modifiers compared to high molecular weight linear polymer chains. Cylindrical structures are relatively more rigid and thicker than their linear polymer counterparts. Recent comparisons between high molecular weight polymers and cylindrical micelles in water have shown that cylindrical micelles exhibit improved thickening behavior and result in stiffer materials.^[@ref20]^ In the case of bottlebrush polymers, sidechain and backbone length can be tuned to change the rheological behavior and enhance the branch entanglement, which contributes to their interesting rheological profile.^[@ref21]^ In the coatings industry, materials are desired which combine high stiffness with high deformability. Hard fillers such as silica particles, carbon black, glass fibers, carbon nanotubes, or natural fibers are often used to stiffen materials without sacrificing deformability. In contrast to this approach, these properties can be achieved by using soft cylindrical nanostructures, which have been shown to increase the stiffness and glass transition temperature of water-based soft acrylic films.^[@ref22]^

Bottlebrush polymers have also exhibited promise as photonic crystals. Due to reduced chain entanglement between bottlebrush polymers, particularly in the bulk, and the large domain sizes of the various morphologies, such as lamella, that arise in bottlebrush polymer films, photonic crystals can be easily fabricated with photonic bandgaps that span the entire visible spectrum.^[@ref23]^

Finally, the use of cylindrical nanostructures as thermal or electrical conductor wires is also an emerging field. This application takes advantage of the long persistence lengths of the cylindrical nano-objects discussed herein. In particular, polymer-based nanowires offer significant potential for devices, sensors or nerve generation thanks to their anisotropic charge-transfer properties. For example, the Friend and Manners groups developed organic semiconducting nanofibers made of a crystalline poly(di-*n*-hexylfluorene) core with two different coronas: polyethylene glycol in the center and polythiophene at the ends ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).^[@ref24]^ These cylinders exhibited exciton transfer from the core to the end blocks which occurred along their long axes. This charge transfer across the long dimension of the cylindrical micelle (ca. 200 nm) occurred over a far greater length than is typical for organic semiconductors and could be potentially tuned via the cylinder dimensions to develop new organic photovoltaic devices.

![Schematic illustrating the seeded growth process of PDHF~14~-*b*-PEG~227~. These nanofibers exhibit exciton transfer from the core to the lower-energy polythiophene coronas in the end blocks, which occurs in the direction of the interchain π--π stacking with very long diffusion lengths (\>200 nm) and a large diffusion coefficient (0.5 cm^2^/s). Reproduced with permission from ref ([@ref24]). Copyright 2018 AAAS.](ja-2018-08648w_0003){#fig3}

Advanced Methods To Prepare Cylindrical Nanostructures Using Polymer Building Blocks {#sec3}
====================================================================================

Polymerization-Induced Self-Assembly {#sec3.1}
------------------------------------

Conventional block copolymer self-assembly strategies, such as direct dissolution, solvent-switch, and thin-film rehydration are generally conducted under dilute conditions (polymer concentrations ≤1% w/w) and most often require a series of additional laborious and inefficient post-polymerization steps to target certain morphologies.^[@ref25]^ In recent years, polymerization-induced self-assembly (PISA) has been established as an attractive alternative self-assembly methodology for reproducible one-pot fabrication of polymeric nano-objects at high solids concentration (10--50% w/w) that provides reliable control over the targeted morphologies and facile access to higher-order structures.^[@ref9],[@ref26]^

Typically, during the PISA process, *in situ* self-assembly of amphiphilic block copolymers occurs when a solvophilic homopolymer (stabilizer block), acting as a macroinitiator, is chain-extended using appropriate solvent-soluble monomers that gradually form solvophobic coreblocks ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The vast majority of literature reports on PISA to date involve the successful implementation of reversible-deactivation radical polymerization (RDRP) techniques, under either dispersion or emulsion polymerization conditions, using thermally initiated or photoinitiated radical sources. More recently, ring-opening metathesis polymerization (ROMP) has been utilized as a nonradical approach to perform PISA in both organic and aqueous media.^[@ref27],[@ref28]^

![PISA is conducted via chain extension of a soluble macroCTA with a monomer that produces an insoluble polymer. Pure cylindrical micelle morphologies are obtained at a given weight fraction of the hydrophobic and hydrophilic blocks at a certain concentration. In this example, photo-PISA was conducted in the presence of GOx to remove O~2~ to prepare cylindrical micelles. Reproduced with permission from ref ([@ref26]). Copyright 2017 American Chemical Society.](ja-2018-08648w_0004){#fig4}

Similar to traditional block copolymer self-assembly, the final morphology obtained through PISA is primarily dictated by the relative volume fractions of the stabilizer and core-forming blocks, a property termed as the packing parameter. The simultaneous chain-extension and self-assembly processes that take place during PISA drive a continuous alteration of the packing parameter of formulations. Synthetic parameters such as monomer concentration and molecular weight of the stabilizer block have been shown to drastically affect the obtained PISA morphologies, while added factors that can influence the packing parameter, and hence the final morphology, include the mobility and degree of solvophobicity of core-forming polymer chains,^[@ref29]^ copolymer architecture, and solvent composition.^[@ref30]^

The recent rapid development of PISA has facilitated the reproducible synthesis of well-defined block copolymer cylindrical micelles under highly concentrated conditions in a one-pot procedure, overcoming the main existing limitations of conventional self-assembly (low particle concentrations and loading capacities, separate polymerization and self-assembly steps). In addition, pure higher-order morphologies are more readily achieved via PISA by simply tuning the parameters of the polymerization.

Despite the numerous advantages of cylindrical micelle fabrication via PISA, this methodology shares some of the same drawbacks with traditional block copolymer self-assembly, since the development of pure cylinder phases requires the complete construction of morphology diagrams which in almost all cases is a laborious process that coincides with extensive transmission electron microscopy (TEM) imaging. Presumably, this happens due to the fact that the pure cylindrical micelle morphology occupies a very narrow regime of the morphologies diagram, as it is known to be greatly affected by changes in block composition and synthetic conditions.^[@ref31]^ A second limiting factor of cylindrical micelles is the fact that they can undergo disassembly upon dilution. This critical aggregation concentration (CAC) can hinder certain applications such as the use of cylindrical micelles as drug delivery vehicles; however, this issue can be circumvented by utilizing highly hydrophobic or glass-forming monomers in the core block or through cross-linking.

Crystallization-Driven Self-Assembly {#sec3.2}
------------------------------------

As mentioned above, typical self-assembly and PISA protocols struggle with achieving pure cylinder phases, often being obtained in very narrow DP and concentration regions. This stems from polymer dispersity, packing parameters, and corona interactions to name a few. However, these disadvantages can be overcome by changing the amorphous core-forming block to a semicrystalline one. Simply put, the two-dimensional folded crystalline lamella of a micelle with a semicrystalline core stabilizes lower curvature structures such as cylindrical micelles.

The addition of a crystallization paradigm facilitates the formation of cylindrical nanostructures while increasing control over the dimensions of the nanoparticles. Detailed studies by the Manners and Winnik groups into the cylinder formation of poly(ferrocenylsilane) (PFS)-containing polymers have been numerous since their initial use in 1998.^[@ref32]^ In this seminal study, a series of PFS-*b*-poly(dimethylsiloxane) copolymers were synthesized by living anionic polymerization. Control over the length of cylindrical nano-objects prepared by CDSA has since been achieved via a seeded-growth approach. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, this seeded growth protocol has since been extended to polymer systems using poly([l]{.smallcaps}-lactide) and poly(ε-caprolactone),^[@ref19],[@ref33]^ poly(3-hexylthiophene),^[@ref34]^ polythiophene and oligo(*p*-phenylenevinylene),^[@ref35]^ polyethylene,^[@ref36]^ and polyselenophene.^[@ref37]^

![(A) CDSA facilitates controlled epitaxial growth of 1D cylinders using a "seeded-growth" protocol. Reproduced with permission from ref ([@ref40]). Copyright 2016 Springer Nature. (B) Crystallization-driven epitaxial growth of PCL cylinders. Scale bars = 1000 nm. Reproduced with permission from ref ([@ref19]). Copyright 2017 American Chemical Society. (C) Controlled growth of cylindrical micelles with nP3HT cores. Scale bars = 200 nm. Reproduced with permission from ref ([@ref34]). Copyright 2011 American Chemical Society. The plots in B and C show the dependence of the average length of the cylinders on the ratio of block copolymer unimers which had been added to seed micelles during the preparation procedure.](ja-2018-08648w_0005){#fig5}

Traditionally, researchers have focused on generating increasingly complex and hierarchical structures that utilize the control of the semicrystalline core offered by CDSA. Block co-micelles, scarf-like, dumbbell shaped, non-centrosymmetric, and lenticular micelles are among the many fascinating structures that have been reported to date.^[@ref38]−[@ref40]^ Recent reports have focused on hierarchical self-assembly and/or applications of CDSA cylinders. For example, colloidosomes formed by the assembly of PFS cylinders at an emulsion interface were grown to give concentric layers, each displaying a different functionality (in this case, showcasing different colored dyes).^[@ref41]^ This lends itself to the idea that increasingly complex structures could be made by utilizing cylinders as building blocks.

Although CDSA can give unprecedented control over particle length, assessing the solvent parameters which are optimal for the self-assembly can be challenging. One approach may be that of Lazzari et al., using selective solvents based upon Hildebrand solubility parameters.^[@ref42]^ They found that a mixture of chloroform and DMF yielded long fiber-like micelles of a polyacrylonitrile-*block*-polystyrene block copolymer. Conversely, Inam et al. used water/octanol partition coefficients normalized by surface area to calculate the solubility parameters for a PLLA-*b*-PDMA system instead of the aforementioned Hildebrand solubility parameter.^[@ref43]^ Crystallization of polymer micelle cores has displayed an unprecedented degree of control over many systems, as evidenced by a host of morphologies throughout the literature. The future of this technology relies upon finding real and relevant applications that can utilize this control.

Synthesis of Bottlebrush Polymers {#sec3.3}
---------------------------------

Bottlebrush polymers are comprised of numerous polymer side chains that are densely grafted to a macromolecular backbone.^[@ref11]^ As a result of this high grafting density, there is a significant degree of interaction between side chains, causing extension of the bottlebrush polymer backbone. In addition to their interesting physical properties, bottlebrush polymers are often large in size---single molecules can exceed lengths of 100 nm. A broad variety of structural diversity can be achieved in bottlebrush polymers. For example, bottlebrush polymers have been prepared with two or more blocks, with gradient structures, with block copolymer side chains, with Janus structures, with variable grafting density, and with different side-chain lengths.^[@ref44]−[@ref46]^ All of these interesting topologies are accessible depending on the synthetic route utilized.

Bottlebrush polymers are typically synthesized via one of four methods ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The simplest and perhaps most intuitive strategy for preparing bottlebrush polymers is by covalently grafting the side chains to a polymer backbone that has been decorated with reactive functionalities on each repeat unit ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A). This process, referred to as grafting-to, has a number of advantages, most of which derive from the fact that the side-chain and backbone polymers are synthesized separately, allowing for precise characterization of these macromolecular constituents prior to bottlebrush synthesis. However, due to steric constraints, bottlebrush polymers produced by grafting-to are often considered to have less than "perfect" grafting density---that is to say that there is less than one side chain per backbone repeat unit.

![Four routes to prepare bottlebrush polymers: (A) bottlebrush synthesis by grafting functionalized polymers to a functional backbone (grafting-to); (B) grafting-from, involving the polymerization of the side chains from a polymeric initiator/CTA; (C) transfer-to, similar to grafting-from but differing in the attachment and behavior of the CTA moieties; and (D) preparation of bottlebrush polymers via polymerization of macromonomers in the grafting-through method.](ja-2018-08648w_0006){#fig6}

A second strategy to prepare bottlebrush polymers is known as grafting-from ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). In a grafting-from polymerization, the side chains are grown *in situ* using a backbone polymer that possesses initiator or chain-transfer agent (CTA) moieties on each repeat unit. This technique is perhaps the best suited to prepare large bottlebrush polymers (i.e., with backbone degrees of polymerization \>500). The steric strain between bottlebrush side chains that limits grafting density in grafting-to polymerization is alleviated to some extent during grafting-from due to the fact that the polymerization occurs on the periphery, away from the highly congested area near the bottlebrush backbone. Of the bottlebrush polymer techniques, however, grafting-from theoretically yields the least well-defined polymers. Initiation efficiency, differential polymerization rate, and termination reactions (such as radical coupling and disproportionation in the case of ATRP or RAFT) act to broaden the distribution of side-chain molecular weights.^[@ref47]^ Moreover, it is often difficult to characterize this distribution unless the side chains can be decoupled and separated from the bottlebrush backbone. To limit the formation of defects from these side reactions, several approaches have been developed including optimization of the polymerization conditions (to reduce polymerization rate and limit monomer conversion), heterogeneous polymerization,^[@ref48]^ and the use of sacrificial initiator/CTA.^[@ref49]^

Transfer-to polymerization is a hybrid of the grafting-to and grafting-from strategies that exists for reversibly deactivated radical polymerization mechanisms ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C). Similar to grafting-from, transfer-to is conducted by polymerizing the side chains using a polymer with CTAs on each repeat unit. These methods differ based on how the CTA is attached to the backbone. To affect grafting-from, the CTA must be attached to the bottlebrush backbone via the R-group. In contrast, the transfer-to mechanism operates if the CTA is coupled to the backbone polymer through the Z-group.^[@ref50]^ Instead of the side chains growing from the periphery of the bottlebrush polymer, as is the case with grafting-from, propagation during transfer-to occurs away from the bottlebrush polymer completely. As radicals are produced by the decomposition of the initiator or the fragmentation of the CTA, the side-chain polymer radical becomes decoupled and dissociates from the bottlebrush polymer. It is then free to add monomer units in solution until it returns to a bottlebrush via a chain-transfer reaction. Because the polymer side chains grow in solution away from the bottlebrush polymers, the transfer-to mechanism more resembles the grafting-to method. Consequently, it suffers the same potential disadvantage of "imperfect" grafting density.

The final bottlebrush polymerization strategy is grafting-through ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}D). During a grafting-through polymerization, macromonomers---polymer chains that possess a polymerizable moiety on one chain end---are polymerized to form the bottlebrush polymer. ROMP has been most often utilized for grafting-through due to its rapid polymerization rates and quantitative monomer conversions.^[@ref51],[@ref52]^ The grafting-through strategy has a few key advantages, most notably the fact that bottlebrush polymers prepared using grafting-through are said to possess "perfect" grafting density in that each macromonomer bears a pendant polymer chain. As the macromonomers are prepared in a separate polymerization step, the bottlebrush polymers produced by grafting-through are often more precise in their structures than those prepared using other methods. In addition, bottlebrush polymers possessing blocks with different side chain lengths or chemistries or with side chains that are themselves block copolymers can be easily prepared using this method, facilitating the preparation of sophisticated structures such as nanotubes^[@ref53]^ and Janus particles.^[@ref54]^ Notwithstanding, grafting-through is limited in the length (backbone degree of polymerization) of the bottlebrush polymers that can be prepared. This limitation is attributed to entropic factors arising from the reaction of large macromonomers with an even larger bottlebrush polymer but can be overcome to some extent by increasing the rate of the polymerization. For example, Matson and co-workers demonstrated that careful selection of anchor group chemistry could be employed to enhance the polymerization kinetics of macromonomers,^[@ref55]^ and the Cheng group achieved rate enhancement through cooperative behavior between α-helical macromonomers.^[@ref56]^

Bottlebrush polymers possess a few specific advantages over other cylindrical nanostructures. Due to the fact that these structures are held together by covalent bonds, bottlebrush polymers do not possess a CAC and thus do not lose their structure upon dilution. Second, bottlebrush polymers can be prepared using a wide variety of chemistries including radical polymerization, ring-opening polymerization, and ROMP, which can be employed orthogonally for backbone and/or side-chain synthesis.^[@ref57]^ Finally, the dimensions of bottlebrush polymers are perhaps most easily tuned relative to the other methods of cylindrical nanostructure preparation discussed herein ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The length of the cylinder is determined by the degree of polymerization of the bottlebrush polymer backbone,^[@ref58]^ while the DP of the side chains sets the cylindrical diameter.^[@ref59],[@ref60]^ By varying these parameters, along with the stiffness of the polymer side chains, a broad range of cylindrical nanostructures can be prepared with variable rigidity/flexibility, dimensions, and functionality.

![Features of bottlebrush polymers. (A) AFM images of bottlebrush polymers with poly(*n*-butyl acrylate) side chains. The rigidity of the bottlebrush polymer increases with increasing side-chain length. Reproduced with permission from ref ([@ref66]). Copyright 2015 Springer Nature. (B) Dependence of bottlebrush polymer structure on side-chain grafting density (*Z*) and the degree of polymerization (*N*~sc~). Reproduced with permission from ref ([@ref59]). Copyright 2016 AAAS. (C) Dependence of bottlebrush polymer structure on the length of the polymer backbone. The inflection in the plot of maximum dimension as a function of backbone length indicates a transition from globular to cylindrical structures. Reproduced with permission from ref ([@ref58]). Copyright 2013 American Chemical Society.](ja-2018-08648w_0007){#fig7}

Physical and Mechanical Properties of Cylindrical Nanostructures Prepared by PISA or CDSA, or as Bottlebrush Polymers {#sec4}
=====================================================================================================================

Cylindrical nanostructures prepared by one of the three methods described above differ in their physical and mechanical properties. Based on route of synthesis, they can have semicrystalline or amorphous cores, be rigid or semi-flexible, be dynamic and undergo molecular exchange or be covalently locked, and possess active or dormant sites at the cylinder termini. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} highlights some key differences between the cylindrical nanostructures discussed in this Perspective. Importantly, comparisons made in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} and in the subsequent discussion are made solely on the route of preparation of the cylinders alone, and does not consider the effects of other factors on their physical and mechanical properties. These considerations are discussed in further detail below.

![Key differences between the cylindrical nanostructures produced by PISA, CDSA, or bottlebrush polymer synthesis. The variable *P* signifies the persistence length of the cylindrical constructs. Images reprinted with permission from refs ([@ref18]) (PISA worms; Copyright 2016 Wiley) and ([@ref10]) (CDSA cylinders; Copyright 2010 Springer Nature).](ja-2018-08648w_0008){#fig8}

Internal Structure {#sec4.1}
------------------

The internal structures of the cylindrical nanostructures highlighted herein vary in their morphology, degree of solvation, and mobility, among other aspects. The first and perhaps most obvious factor that determines internal structure is the fact that cylinders prepared from PISA or CDSA possess core--shell architectures with their cores comprising a solvophobic polymer block. The presence of this solvophobic component is necessary to drive self-assembly. For constructs prepared using PISA, the core can be glassy or amorphous depending on the assembly conditions and the chemistry of the solvophobic block. When glass-forming polymers are used, the core domain can undergo a glass transition temperature (*T*~g~) similar to the bulk polymer, allowing for thermal regulation of the physical properties of the nanoparticle.^[@ref61]^ For example, drug release from spherical micelles with glassy core compartments can be accelerated by heating the nanoparticle solution above the *T*~g~ ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A).^[@ref62]^ While this study did not explicitly consider drug release from cylindrical micelles, we expect this behavior to hold for nanoparticles of various solution morphologies (i.e., spheres, cylinders, vesicles) that have been prepared using the same core-forming polymer structure. Cylindrical micelles prepared via CDSA possess semicrystalline cores. This adds  a second thermal transition---the melting temperature (*T*~m~)---that exists in addition to the *T*~g~ ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B).^[@ref19]^

![Internal structure of cylindrical micelles can be semicrystalline, glassy, or amorphous. (A) Pyrene release from glassy micelles occurs around and above the *T*~g~ of the core block. Reproduced with permission from ref ([@ref62]). Copyright 2011 Wiley. (B) TEM confirms the crystallinity of cylindrical micelles produced by CDSA. Reproduced with permission from ref ([@ref19]). Copyright 2017 American Chemical Society. (C) Unlike cylindrical micelles, bottlebrush polymers most likely do not possess an internal hydrophobic compartment.](ja-2018-08648w_0009){#fig9}

Bottlebrush polymers differ from the other three types of cylindrical nanostructures due to the fact that they do not necessarily possess an internal hydrophobic compartment ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}C).^[@ref56]^ Indeed, EPR studies of spin-labeled bottlebrush polymers demonstrated that nitroxide functionalities near the brush backbone could be easily accessed by small molecule probes (and by extension, solvent molecules).^[@ref63]^ Because bottlebrush polymers are comprised of polymers which are covalently attached through the backbone, a self-assembly process is not required to obtain a cylindrical structure.

Rigidity {#sec4.2}
--------

Cylindrical nanostructures vary in their rigidity based on the chemistry of their constituent polymers, the density of packing of these chains, and the route of preparation. These factors affect the mechanical properties of the resulting material and can influence gelation behavior, rheology, and biological interactions. The following observations with respect to rigidity can be generally applied to the cylindrical nanostructures discussed herein: CDSA cylinders \> bottlebrush polymers ∼ cylindrical micelles, with rigidity decreasing across the series. This observation is determined based on the relative persistence lengths of the cylindrical nanostructures produced using these methods, as persistence length is a measure of rigidity.

Cylindrical nanostructures in the form of cylindrical micelles have comparable rigidity to bottlebrush polymers. Persistence lengths can vary from 10^2^ Å to 10^2^ nm, depending on the chemical information coded into the surfactant molecules.^[@ref64]^ This sensitivity has been attributed to the interfacial curvature of the micelle as well as the area per hydrophilic headgroup (repulsiveness). In general, electrostatic charge has been shown to be most influential in determining micellar stiffness, with polyelectrolytes exhibiting the largest persistence lengths.^[@ref3]^ The mechanical properties of physically cross-linked hydrogels derived from cylindrical micelles also informs about their flexibility, with moduli values typically less than 10 Pa.^[@ref64]^ In addition, surfactant molecules (or amphiphilic polymer chains) can be constantly exchanged between cylinder assemblies. This constant breaking and recombination, when occurring on the time scale of relaxation of the gel, generally results in cylindrical micelles exhibiting viscoelastic behavior (as opposed to "gel-like"). As such, factors that affect the CAC of the micelles are also expected to influence the capability of cylindrical solutions to form gels.

In the case of CDSA cylinders, their rigidity stems from the fact that they possess semicrystalline cores. Persistence lengths for these structures can often exceed 1 μm.^[@ref39]^ While few examples of hydrogels prepared from CDSA cylinders exist, these typically exhibit storage moduli on the order of 10^2^--10^3^ Pa.^[@ref65]^ Because the rigidity of micelles prepared from CDSA is typically greater than those obtained via PISA or traditional polymer self-assembly, as evidenced by higher persistence length values of the cylindrical nanostructures in solution, future research will likely confirm that hydrogels prepared from CDSA cylinders are generally stiffer than PISA hydrogels. However, further study is warranted in this area. Bottlebrush polymers generally possess relatively shorter persistence lengths on the order of 10^2^ nm. Of course, their stiffness depends on the density of grafting, the rigidity of their backbone polymers, and the length and chemistry of the side-chain polymers. In particular, numerous studies have revealed a proportionality between the diameter of the bottlebrush polymer and its persistence length.^[@ref58],[@ref60],[@ref66]^ This relationship originates from mutual repulsion between crowded side chains and is dependent on the number of side chain grafts on each backbone repeat unit. While the solution behavior of bottlebrush polymers has been extensively studied, there exist no reports on the rheology of hydrogels produced via physical cross-linking of bottlebrush polymers. However, gels prepared from intermolecular cross-linking of bottlebrush polymers in the bulk are exceptionally soft, with modulus values on the order of ≤10^2^ Pa.^[@ref66]^ It is therefore reasonable to assume that bottlebrush polymer hydrogels would be considerably less stiff than gels prepared from PISA worm-like micelles or CDSA cylinders.

Colloidal Stability {#sec4.3}
-------------------

The colloidal stability of the three types of cylindrical nanostructures is determined by a variety of factors, including the capability of their coronae to resist aggregation, their CAC, and the chemical stability of the polymer constituents.^[@ref67]^ Here, we focus on how each of the cylindrical structures behave upon dilution. Because cylindrical micelles and CDSA cylinders are formed of individual amphiphilic components, their structures are subject to disassembly below a certain concentration threshold. As with the other properties discussed above, the chemical structure and molecular weight of the constituent amphiphiles are most important in determining CAC. Factors that are known to increase CAC are raising the *T*~g~ of the core forming block, increasing the hydrophobicity of this block, and enlarging the size of the unimer. These principles are valid for cylindrical nanostructures prepared by PISA or CDSA.

The solution stability of each of these types of self-assembled cylindrical nanostructures is influenced by additional factors. Cylindrical micelles prepared by PISA have enhanced stability against dilution relative to spherical micelles due to the fact that cylindrical micelles tend to form from "crew-cut" polymer amphiphiles (i.e., those with relatively short hydrophilic segments). Indeed, cylindrical micelles typically exhibit two-phase behavior upon dilution, transitioning from cylinders to spheres before eventually dissociating to their unimer constituents.

In stark contrast, bottlebrush polymers do not possess a CAC due to covalent bonds that constitute their chemical structures. However, bottlebrush polymers are susceptible to degradation by scission of their side chains, as has been demonstrated with poly(*n*-butyl acrylate) bottlebrush polymers under ultrasonication.^[@ref68]^ This tendency of bottlebrush polymer side chains to mechanically cleave may be relevant for applications, especially those involving high shear forces for example in blood vessels or in common industrial processing methods (i.e., extrusion, injection molding, or 3D printing).

Chain-End Reactivity {#sec4.4}
--------------------

A final key factor that differentiates cylindrical nanostructures from their spherical analogues is the inherent reactivity of their "chain ends". Because of their anisotropy, the terminal interfaces of cylinders behave differently than the "bulk" interface. For CDSA cylinders and bottlebrush polymers, the cylinder ends are not fully shielded by the corona chains. This reduced steric bulk at the terminal interfaces renders these regions more hydrophobic and exposes their internal functionalities, which can be utilized as a surface for further crystallization in the case of CDSA cylinders ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}A),^[@ref69]^ can undergo chemical reaction, and can facilitate 1D self-assembly of bottlebrush polymers ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}B).^[@ref70]^ For bottlebrush polymers, this chain-end reactivity has been evaluated using a nitroxide probe, demonstrating a relatively greater accessibility of the chain-ends to small molecules relative to the bottlebrush polymer backbone.^[@ref63]^ While this property is present for CDSA cylinders and bottlebrush polymers, cylindrical PISA micelles typically do not possess reactive chain ends due to the existence of hemispherical end-caps which present a dense corona of hydrophilic chains.^[@ref71]^

![Taking advantage of the inherent chain-end reactivity of cylindrical nanostructures. (A) Multiblock cylindrical assemblies prepared via crystallization of each new block from reactive semicrystalline faces at the cylinder ends. Scale bars = 500 nm (TEM) and 2000 nm (LCSM). Reproduced with permission from ref ([@ref69]). Copyright 2014 Springer Nature. (B) End-to-end self-assembly of bottlebrush polymers occurs through hydrophobic interactions at the bottlebrush chain ends. Scale bar = 100 nm. The inset is from a 500 nm scan. Reproduced with permission from ref ([@ref70]). Copyright 2011 American Chemical Society.](ja-2018-08648w_0010){#fig10}

Conclusions {#sec5}
===========

Cylindrical nanostructures prepared from PISA, CDSA, or bottlebrush polymers have unique properties compared to spherical constructs. Their anisotropic nature leads to enhanced interior volume and external surface area, gelation capability, and chain-end reactivity. Each preparation route yields cylinders with different structures and distinctive properties; therefore, careful consideration is warranted when designing cylinder synthesis for a specific application. For example, CDSA cylinders are ideal for the preparation of nanowires that conduct thermal or electrical energy, and bottlebrush polymers are perhaps most appropriate as drug delivery vehicles owing to their thermodynamic stability.

While much work has gone into understanding the synthesis and properties of the cylindrical structures discussed herein, further studies are warranted. In addition, while these cylinders have been utilized extensively in the preparation of gels, their usefulness in other applications, such as drug delivery, have yet to be fully realized, especially for bottlebrush polymers. Based on our current understanding of the literature, the following points represent the current challenges facing the field of cylindrical nanostructures:The reactivity of cylindrical chain ends has been observed in multiple systems but is not fully understood. In particular, the 1D assembly of bottlebrush polymers could be exploited for the preparation of stimuli-responsive gels or fibers, and the active chain-end interfaces of CDSA cylinders could be further investigated for the preparation of supramolecular constructs with blocky topologies.The kinetic and thermodynamic behaviors of cylindrical micelles and CDSA cylinders have not been rigorously established. It is likely the case that these constructs have lower CAC values and reduced unimer exchange rates relative to their spherical analogues. However, structure--property relationships need to be established.The physical encapsulation capability of bottlebrush polymers with core--shell architectures is virtually unknown. Bottlebrush polymers possess several advantages over the other cylindrical nanostructures for drug delivery. Therefore, their capability to retain and release hydrophobic molecules should be investigated.While precise control over the size and size distribution of CDSA cylinders has been demonstrated, few reports have considered the placement of useful functionality on different faces/interfaces of the cylinders.A method for controlling the length of cylindrical micelles prepared using PISA would significantly expand the versatility of these cylindrical nanostructures. Some early progress has been reported in this area,^[@ref72]^ but a more general method for programming cylindrical length would further expand their potential applications.

Investigation into the areas mentioned above will facilitate a rapid expansion in the field of cylindrical nanostructures. Indeed, much focus over the past decades has been on the study and deployment of spherical constructs. The numerous advantages of cylindrical nanostructures over their spherical counterparts discussed herein---in particular their larger volume and surface area, enhanced biological retention and cellular internalization, and anisotropy-induced chain end reactivity---make this field an attractive area of study. Better understanding of the synthesis, structure, and properties of cylindrical nanostructures will foster a new dawn in the field of polymer chemistry and could be exploited to answer the evolving challenges of the future.
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